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Mycobacterium tuberculosis urease (urea amidohydrolase [EC 3.5.1.5]) was purified and shown to contain
three subunits: two small subunits, each approximately 11,000 Da, and a large subunit of 62,000 Da. The
N-terminal sequences of the three subunits were homologous to those of the A, B, and C subunits, respectively,
of other bacterial ureases. M. tuberculosis urease was specific for urea, with a K,, of 0.3 mM, and did not
hydrolyze thiourea, hydroxyurea, arginine, or asparagine. The enzyme was active over a broad pH range
(optimal activity at pH 7.2) and was remarkably stable against heating to 60°C and resistant to denaturation
with urea. The enzyme was not inhibited by 1 mM EDTA but was inhibited by N-ethylmaleimide, hydroxyurea,
acetohydroxamate, and phenylphosphorodiamidate. Urease activity was readily detectable in M. tuberculosis
growing in nitrogen-rich broth, but expression increased 10-fold upon nitrogen deprivation, which is consistent
with a role for the enzyme in nitrogen acquisition by the bacterium. The gene cluster encoding urease was
shown to have organizational similarities to urease gene clusters of other bacteria. The nucleotide sequence of
the M. tuberculosis urease gene cluster revealed open reading frames corresponding to the urease A, B, and C
subunits, as well as to the urease accessory molecules F and G.

Tuberculosis is a global health problem of escalating pro-
portions. Mycobacterium tuberculosis, the main etiologic agent
of tuberculosis, is a facultative intracellular bacterial pathogen
that parasitizes host mononuclear phagocytes. Throughout its
life cycle within the mononuclear phagocyte, M. tuberculosis
resides in a membrane-bound phagosome which is only mildly
acidified (5) and which does not fuse with lysosomes (1, 4, 41).
However, the mechanisms underlying these phenomena are
unknown.

Previous studies have demonstrated that NH,Cl added ex-
ogenously to mouse mononuclear phagocytes blocks phago-
some-lysosome fusion (6) and promotes phagosome endosome
fusion (8). Hence, ammonia production by intracellular M.
tuberculosis may partly underlie the inhibition of phagosome-
lysosome fusion. M. tuberculosis is able to produce ammonia
from urea by the action of urease, and thus this enzyme may
play a role in phagosome-lysosome fusion inhibition. In addi-
tion, urease may modulate the pH of the phagosome and
provide a source of nitrogen for biosynthesis. However, urease
of M. tuberculosis has not been purified or characterized pre-
viously. To learn more about M. tuberculosis urease, we have
purified and characterized the enzyme and cloned and se-
quenced the urease gene cluster.

MATERIALS AND METHODS

Biochemicals and chemicals. Bacillus pasteurii urease, jack bean urease, urea,
a-ketoglutarate, NADPH, glutamate dehydrogenase, thiourea, hydryoxylurea,
N-ethylmaleimide, and acetohydroxamate were obtained from Sigma Chemical
Co. (St. Louis, Mo.). Phenylphosphorodiamidate was obtained from Lancaster
Chemical Co. (Windham, N.H.). Q-Sepharose fast-flow, Superdex-75, and phe-
nyl-Sepharose were purchased from Pharmacia (Piscataway, N.J.).

Bacterial strains. Virulent M. fuberculosis, Erdman strain, was obtained from
the American Type Culture Collection (ATCC 35801) and maintained in 7H9
Middlebrook medium (Difco) at pH 6.7, 37°C, and 5% CO,. Cultures were
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grown for 3 weeks from an initial optical density at 540 nm of 0.05, corresponding
to 3 X 107 cells per ml, to a final optical density of 0.3 to 0.5, corresponding
to approximately 5 X 10® cells per ml. Escherichia coli DH5a F~ $80dlacZA
(lacZYA-argF)U169 deoR recAl endAl hsdR17(rg mg ") supE44N" thi-1 gyrA96
relA1 (Gibco BRL, Gaithersburg, Md.) was used for cloning purposes.

Purification of urease. Bacterial cell pellets were obtained by filtration on
0.8-wm-pore-size filters, resuspended in hypotonic medium (20 mM Bis-Tris, pH
7.0, containing 1 mM EDTA), and sonicated with a probe tip sonicator (model
W-375; Heat Systems Ultrasonics, Plainview, N.Y.) at 50% of the work cycle at
maximum sonicator output for a total of 30 min. The sample was stirred contin-
uously with a magnetic stirring bar and chilled in an ice bath during sonication.
The sample was sonicated inside a sealed container placed within a biohazard
hood.

The sonicate was centrifuged at 16,200 X g for 1 h at 4°C, and the supernatant
was passed sequentially through 0.4- and 0.2-pm-pore-size filters. The filtrate was
loaded onto a Q-Sepharose anion-exchange column and was eluted first with a 0
to 0.3 M NaCl gradient in 20 mM Bis-Tris, pH 7.0, containing 1 mM EDTA and
then with a 0.3 to 0.5 M NaCl gradient. Fractions with urease activity were
pooled and concentrated with a Centriprep 30 concentrator (Amicon, Beverly,
Mass.), applied to a Superdex-75 gel filtration column, and eluted with 20 mM
bis-Tris HCI, pH 7.0, containing 150 mM NaCl and 1 mM EDTA. Fractions with
urease activity were pooled, and solid NaCl was added slowly with continuous
stirring to achieve 1 M NaCl. The sample was then loaded onto a phenyl-
Sepharose column and eluted with a 1 to 0 M NaCl gradient. Fractions with
urease activity were again concentrated with a Centriprep 30 concentrator.

Assay for urease activity and protein concentration. Urease activity was as-
sayed by incubating 5 to 10 wl of enzyme sample in 0.5 ml of 0.1 M urea in 0.1
M bis-Tris, pH 7.2, at 37°C. After 30 to 90 min, 10-pl aliquots were removed from
the reaction mixture for measurement of the ammonia concentration. Ammonia
was quantitated by measuring the decrease in the A4 in an assay involving the
conversion of NADPH to NADP in the presence of glutamate dehydrogenase
(40). This measurement was made by using a 200-pl reaction volume (1.2 U of
glutamate dehydrogenase per ml, 0.23 mM NADPH, 3.4 mM a-ketoglutarate) in
96-well multititer plates (Costar, Cambridge, Mass.) and a Titertek MCC 340
microtiter plate reader (Flow Laboratories, McLean, Va.). The generation of
ammonia by urease was linear with enzyme concentration and with time from 30
to 90 min.

The protein concentration was determined by the bicinchoninic acid assay
(Pierce, Rockford, IlL.).

Examination of urease expression in response to nitrogen starvation and
other environmental conditions. M. tuberculosis was subcultured in Sauton’s
medium or modified Sauton’s medium containing various amounts of asparagine
for 1 week at 37°C in a 5% CO, atmosphere. Bacterial pellets were collected by
centrifugation at 10,000 X g for 10 min at 4°C in aerosol-tight biohazard capsules
(Brinkmann Instruments, Westbury, N.Y.). The pellets were then sonicated with
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FIG. 1. Tricine-sodium dodecyl sulfate-10% polyacrylamide gel electro-
phoresis of M. tuberculosis urease after successive steps of purification. Lanes: 1,
crude extract, 1.0 ug of protein; 2, Q-Sepharose, 1.0 ug of protein; 3, gel
filtration, 1.0 pg of protein; 4, phenyl-Sepharose, 0.2 pg of protein; 5, phenyl-
Sepharose, 1.0 pg of protein; 6, phenyl-Sepharose, 10 pg of protein; M, standard
molecular mass markers (sizes are indicated). Lanes 1 to 5 are stained with silver
nitrate. Lane 6 is stained with Coomassie blue. The urease A and B subunits were
stained poorly with silver nitrate but were stained more strongly with Coomassie
blue.

a microprobe tip sonicator (Heat Systems Ultrasonics) for 30 min at 0°C and
centrifuged at 30,000 X g for 30 min, and the supernatants were passed through
0.2-wm-pore-size filters. The filtered supernatants were assayed for urease ac-
tivity and protein concentration.

Native and denaturing gel electrophoresis. Native polyacrylamide gel electro-
phoresis and detection of urease on the native gel was performed as described by
Mobley et al. (25). Denaturing gel electrophoresis was performed with 15%
polyacrylamide gels as described by Laemmli (14) and 10% Tricine gels as
described by Schagger and von Jagow (33).

N-terminal sequencing. N-terminal sequences of peptides were determined by
blotting partially purified proteins onto polyvinylidene difluoride membranes,
staining the membrane with Coomassie brilliant blue, destaining with 50% meth-
anol, and subjecting the band to automated Edman degradation. N-terminal
sequencing was performed by the University of California, Los Angeles, protein
microsequencing core facility.

Nickel content. Nickel content was determined by atomic absorption spec-
trometry, kindly performed by Thomas Moyer, Mayo Clinic, Rochester, Minn.

DNA manipulations. Recombinant-DNA techniques were performed as de-
scribed previously (22). DNA fragments used as probes in Southern blot hybrid-
izations and colony hybridizations were radiolabelled by random priming with
[«-*?P]dCTP by the multiprime labelling system (kit RPN.160 1Y; Amersham,
Arlington Heights, Il1.). Oligonucleotides used as sequencing primers or probes
were synthesized by Biosynthesis Corporation (Lewisville, Tex.) and 5’ end
labelled with [y->*P]ATP (Amersham) when used as probes. Southern blot DNA
hybridization and colony hybridizations with oligonucleotide probes (10° cpm/
ml) were performed with nitrocellulose filters for 16 h at 45°C in Denhardt’s
solution containing 5X SSC (1x SSC is 0.15 M NaCl plus 0.015 M sodium
citrate), 50 g of sonicated salmon sperm DNA per ml, 50 mM sodium phos-
phate buffer (pH 6.8), 1 mM sodium PP;, 100 pM ATP, and 20% formamide
39).

DNA seq ing and seq e analysis. DNA sequencing was performed by
using a->>S-dCTP (Amersham) and the Takara Ladderman sequencing kit (Pan-
vera, Madison, Wis.) according to the manufacturer’s directions. Sequencing gels
contained 6% polyacrylamide and 50% urea (National Diagnostics, Atlanta,
Ga.). Sequences were confirmed by sequencing both strands in opposite direc-
tions. DNA sequences were submitted to the National Center for Biotechnology
Information for homology searches and comparisons with other sequences in
GenBank. The molecular weights and pls of deduced amino acid sequences were
determined by using MacProMass computer software (18).

Nucleotide sequence accession number. The nucleotide sequence data re-
ported in this paper have been submitted to GenBank and assigned accession no.
MTB U33011.
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RESULTS

Purification of M. tuberculosis urease. We purified urease
from the bacterial pellets of 3-week-old M. tuberculosis Erd-
man cultures. M. tuberculosis urease was found to be present
primarily in the cell pellet, with less than 5% of urease activity
in the culture filtrate. The purification procedure gave a 1,000-
fold enrichment of the enzyme activity and an overall yield of
purified enzyme of 2% (Table 1). The enzyme consisted of
three subunits as determined by denaturing polyacrylamide gel
electrophoresis: a prominent band of approximately 62,000 Da
and a weakly staining doublet of approximately 11,000 Da (Fig.
1). The doublet at 11,000 Da was stained weakly by silver nitrate
but somewhat more strongly by Coomassie blue (Fig. 1). Mi-
crosequencing of these bands revealed three N-terminal pep-
tide sequences with high degrees of similarity to the urease A,
B, and C subunits of other bacterial ureases. The first five
residues of the A and B subunits (MRLTP and MIPGE, re-
spectively) and the first 27 residues of the C subunit (ARLSR
ERYAQLYGPTTGDRIRLADTNL), determined by peptide
microsequencing, were 100% identical with sequences pre-
dicted from the corresponding open reading frames of the
urease A, B, and C genes, which were determined by cloning
and sequencing the urease gene cluster of M. tuberculosis Er-
dman genomic DNA (see below).

M. tuberculosis urease activity was always eluted as a single
symmetrical peak by gel filtration and by phenyl-Sepharose
chromatography. However, two peaks were typically observed
during Q-Sepharose ion-exchange chromatography: a major
peak of enzyme activity which was eluted at 350 mM NaCl and
a much smaller peak of enzyme activity which was eluted at 370
mM NaCl. Occasionally a small peak of enzyme activity was
also eluted at 5 mM NaCl. It is possible that this microhetero-
geneity is attributable to limited proteolysis of the macromol-
ecule resulting in a significant change in charge but not mass or
hydrophobicity. On nondenaturing zymogram gels, M. tubercu-
losis urease enzyme activity appeared as a doublet, with one
prominent band and a faster-migrating relatively minor band
(Fig. 2). Multiple isoenzyme forms have been observed for
several other bacterial ureases, but the basis for this multiplic-
ity is not understood (26).
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FIG. 2. Nondenaturing gel electrophoresis of M. tuberculosis (M. tb) urease
activity. M. tuberculosis cell pellets were lysed by sonication in hypotonic medium,
fractionated by Q-Sepharose anion-exchange chromatography, and electropho-
resed on a 6% polyacrylamide gel with a 4% stacking gel. The gel was equili-
brated with 0.02% neutral red-0.1% EDTA and incubated with 1.5% urea. Lane
1, M. tuberculosis urease. Lane 2, jack bean urease. The arrow indicates the major
band of M. tuberculosis urease activity; a fainter band of urease activity is present
just below the major band. On the original gel, the bands appeared red against
a yellow background. For comparison, the migration positions of standard pro-
teins with known molecular masses are shown (in kilodaltons) (thyroglobulin,
669,000 Da; apoferritin, 440,000 Da; catalase, 232,000 Da; and lactate dehydro-
genase, 140,000 Da).
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TABLE 1. Purification of M. tuberculosis urease

Amt of Total urease activity

Urease sp act Fold

Step protein (pmol of NH;/min) Yield (%) (Mmolo?fp:;lé;n;in/mg purification
Crude sonicate 871 mg 82.6 100 0.1 1
Q-Sepharose 5.9 mg 30.3 36.7 52 54
Gel filtration 1.4 mg 9.4 11.4 6.6 69
Phenyl-Sepharose 18 pg 1.8 2.1 101 1,063

Molecular weight and subunit composition of M. tuberculosis
urease. We measured the molecular weight of native urease by
gel filtration on both Sephacryl S-300 HR and Superdex-75
columns (data not shown). Both columns yielded an apparent
native M, of 185,000. This is similar to the apparent M,s of
ureases of several other microorganisms, such as Proteus mira-
bilis (3) and B. pasteurii (15).

The ureases of several bacteria (P. mirabilis, Morganella mor-
ganii, and Providencia stuartii) have been reported to be het-
eropolymers with three distinct polypeptide chains with a pro-
posed A,B,C, stoichiometry (26). The proposed stoichiometry
has been based upon the apparent M, as determined by gel
filtration and the relative intensity of the staining of the sub-
units on denaturing polyacrylamide gels. However, Jabri and
coworkers (10) have recently reported a high-resolution X-ray
crystallographic study of Klebsiella aerogenes urease and dem-
onstrated that this urease has a trimeric structure with an
A;B,C; stoichiometry. In view of the homology between the
ureases of M. tuberculosis and K. aerogenes, it is likely that M.
tuberculosis urease also has a stoichiometry of A;B;C;. Assum-
ing that M. tuberculosis urease has an A;B;C; stoichiometry, its
predicted native M, is approximately 250,000, which is substan-
tially higher than the apparent M, determined by gel filtration.

Nickel content of M. tuberculosis urease. Measurement of
the Ni*" content by atomic mass absorption spectrometry re-
vealed 1.4 ng of Ni** per pg of purified urease. Assuming a
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FIG. 3. Effect of pH on urease activity of M. tuberculosis. Purified urease of
M. tuberculosis was incubated with 0.1 M urea in either 0.1 M morpholineethane-
sulfonic acid (OJ) or 0.1 M N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid
(®) at the indicated pH. Ammonia released by the hydrolysis of urea was
detected by a glutamate dehydrogenase-NADPH-coupled reaction. M. tubercu-
losis urease shows activity over a broad pH range, from 5.5 to 8, with optimal
activity at pH 7.2. Data shown are means = SD of triplicate determinations.

mass of 250 kDa, this is consistent with a total of six Ni>" ions
per urease molecule (or two nickel ions per active site on each
of the C catalytic subunits). The X-ray crystallography study of
K. aerogenes urease (10) and earlier atomic absorption spec-
trometry studies of P. stuartii (28) and K. aerogenes (36) ureases
also suggested the presence of two nickel ions per catalytic subunit.

Enzymology of M. tuberculosis urease. (i) Kinetics. We mea-
sured the rate of ammonia generation by purified urease at
different concentrations of urea by using a glutamate dehydro-
genase-NADPH-coupled assay system (data not shown). M.
tuberculosis urease had a K,, for urea of 0.3 mM, a value which
is lower than the value reported for most other ureases (2 to 15
mM) (26). In our study, the K,,, of jack bean urease was 5 mM,
which is in good agreement with the values determined by
others. The low K,,, of M. tuberculosis urease indicates that this
urease can generate ammonia at lower substrate concentra-
tions than many other ureases. It is likely that the concentra-
tion of urea available to the enzyme inside the M. tuberculosis
phagosome is lower than that available to bacteria whose niche
is the urinary tract. Interestingly, urease of Helicobacter pylori
also exhibits a K, of 0.3 mM, and, like M. tuberculosis urease,
this urease is also probably exposed to relatively low plasma
urea levels. The maximal reaction velocity (V) of M. tuber-
culosis urease was 101 pmol of NH; per min per mg of protein,
which is lower than the velocity reported for other ureases
(1,000 to 5,000 pmol/min/mg). Under our assay conditions,
jack bean urease had a V,,, of 1,200 pmol/min/mg. It should
be noted that M. tuberculosis is the first intracellular pathogen
for which urease has been studied, and its properties may be
unique in several respects.

(ii) Substrate specificity. M. tuberculosis urease was specific
for urea and did not hydrolyze arginine, asparagine, hydroxyu-
rea, or thiourea. Crude sonicates of M. tuberculosis cell pellets
did show asparaginase and arginase activities (measuring 0.3
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FIG. 4. Organization of the M. tuberculosis urease gene cluster. E. coli clones
containing the M. tuberculosis urease gene cluster were identified by screening M.
tuberculosis genomic libraries with a probe derived from the N-terminal protein
sequence of the urease C subunit. Nucleotide sequencing of the urease gene
cluster revealed three open reading frames for the urease A, B, and C subunits
and two open reading frames for the urease accessory molecules F and G.
Restriction endonuclease sites are indicated as follows: E, EcoRI; B, BamHI; X,
Xhol; S, Sphl; and K, Kpnl.
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. . . . . . .
GACCGGGNGTCOCCCGCGGCCMGTGCGGC'I'(X!AGMCCTCGAGGCGCGGCCTTMCCCGCTCGAMCCGTNMCCTGCCGCGGCGTGGCA_G_QA‘I’CGCAGAGCA‘I’GCGCC'!'GACGCCG 120
[uteA] M R L TP
. . . . .
CACGAACAGGAGCGTTTGCTGT'[’GTCCTACGCCGCCGAGTTGGC CCGCCGGCGTCGGGCCCGCGGCCTGCGCCTCMTCATCCGGMGCCATCGCGGTGATCGCCGACCACATCCTGGAA 240
H E Q E R L L L 8 Y A A E L ARU®RUPBRTRAMRGTLU RTLNUE EK®PEA ATI AV I ANDI HTITULE
. . . . . . . . - . . .
GGCGCGCGTEACGGCCGCACCGTCGCAGAGTTGA TGGCATCCGGACETGAGGTGCTCGGCCGTGACGATGTGATGGAGGGAGTGCCGGAGATGCTCACCGAGGTACAGGTGGAGGCGACG 360
@ A R D G R T vV A E L M A 8 G R E V L G R Db D V M E G V P E M L A E V Q V E A '1‘
. . . . . .
TT‘I’CCGGACGGCACCMG’J.“I'GG’I’CACCGTGCA'N:AGCCGATCGCATGATTCCCGGAGMATCTT’I‘TACGGCAGTGGTGATATCGAGATGMCGCCGCGGCAC'I‘C‘I‘CCCGCCTGCAGATGC 480
P PB" » K L v T VvV HQ P I A *
[uteﬂ] M I P G E I F Y G S 6 DI EMNARAAL S RIL QM
. . . . . .
GGATCA‘I’CMCGCCGGCGA'I‘CG'I'CCGGTGCAGGTCGGTAGCCACGTCCATCTCCCGCAGGCCAANGGGCGCTGTCAT‘I‘CGACCGTGCGACGGCCCACGGCTACCGTCTGGACATC CCGG 600
R I I N A G D R P V Q vV G S H V HL P QA NI R AL S PF DRATAHGTYRIULUDTIU?®P
. . . . . . . .
CGGCGACAGCGGTGCGC’K"I‘CGAGCCGGGCA‘I“I'CCCCMATCGTCGGGTTGGT’ICCG'I"I‘GGGCGGACGGCGCGAGG’I‘ACCCGG’I’CTGACGCTMATCCGCCC%EEQWGGACCGC’.\‘GAT 720
A A TAVRVPFEU®PG I PQ I VG6L V PL GG RZ REVUPGILTULNUZ®PUPUGURTULUDR *
[ureC] M
. . . . . . . . . . . .
GGCGCGACTGTCAAGGGAGCGCTACGCACAGCTGTACGGACCTACCACCGGCGACCGGATACGGCTGGCCGACACCAACCTGCTGGTPGAGGTCACCGAAGACCGGTGTGGGAGACCGERG 840
A R L S RERYAQLYOG?PTTGDU RIRILADTNILTILVYVEVTEUDT RTCGSGU?PG
. . . . . . . . . . . .
ACTGGCCGGTGACGAGGCGGTGTTCGGCGGCGGCAAGGTGC TGCGCGAGTCCATGGGCCAGGGCCGTGCGAGCCGGACCGACGETGCCCCCAACACCGTGATCACCGGTGCGGTGATCAT 960
L A G D E A V P G G G K V L R E S M G Q GR A S RAMDGA?PDTV I TG AUV ITI
. . . . . . . .
CGACTACTGGGGMTCATCMGGCCGACATCGGGATTCGCGATGGCCGCA’I‘CGTCGGGATCGGMAGGCCG&AATCCCGACATCANACAGGTGTGCA’I‘CGGGATC'I’CGTCGTCGGGCC 1080
D Y W G I I K A D I G I R D G I v G I G K A G N P D I X 'l‘ G Vv I-I R D L V vV G P
. .
GTCCACCGAMTCA‘!’CAGCGGCAACCGTCGAA’I’CGTCACCGCAGGCACCGTCGACTGTCACG’!’GCACTTGANTGTCCGCAGATCA’I‘CGTCGAAGCC'J.“I‘GGCCGCGGGCACCAC CACGAT 1200
8§ T E I I 8 G N RRI UV T AGTV DC H vV H L I C P Q I I V E A L A A G T T T I
. . . . . .
CA'I'CGGCGG'].‘GGCACCGGACCCGCCGAGGGCACCMGGCCACCACAG’I‘CACTCCCGGCGAGTGGCACCTGGCCCGGATGCTGGAG’I‘CAC’!‘GGACGGT’I’GGCCGGTGMCTTCGCGCTGCT 1320
1 666G G T GPAEGTI KA ALM?TTVTPGEWHTLARNMILESULUDSGWU?PVNUFPA ATLL
. . . . . . . . . . . .
CGGCAAGGGAAACACCGTGAATCCCGACGCACTGTAGGAACAGT TGCGCGGTGGCGCATCGAGTTTCAAAC TCCACGAAGACTGGGGATCGACCCCGGCGGCCATCGACACCTGCTTGGC 1440
G K G N TV N PDALWE QLU RGO G ASGUPIXULHETUDWGST™UPAATIUDTTCIULA
. . . . . . . . . . . .
GGTCGCCGACGTGGCCGEGGTGCAGGTTGCGCTGCACTCCGACACTCTCAATGAGACCGGATTCGTCGAGGACACCATCGGCGCGATCGCCGGACGTTCGATTCACGCCTACCACACCGA 1560
VADV A GV Q VAL HSDTULNET©TGPV EDTTIG ATIMANGH RS I HATYHTE
. . . . . . . . . . . .
GGGCGCCGGCGGCEGECACGCACCGGACATCATTACCGTCGCGGCGCAACCGAATGTAC TGCCCAGCTCGACCAATCCGACCCGCCCGCATACGGTGAACACCCTTGACGAGCATCTCGA 1680
G A 6 G G H A PDTI I TV AAMQPNVLUPS S TNUZPTRPHTTVNTLUDTEUHTLTD
. . . . . . . . . . . .
CATGCTGATGGTGTGCCACCACCTCAACCCCCGGATCCCGGAGGACCTCGCGTTTGCCGAAAGCCGGATCCGACCGTCCACCATTGCGGCAGAAGATGTGTTGCACGATATGGGGGCAAT 1800
M L M V ¢C H HL N PRI PEDTLANLTPFANESRTIRUPSTTIAARAMEUTDUVILUHDM MGA ATI
. . . . . . . . . . . .
CTCGATGATTGGCAGCGATTCCCAGGCGATGGGCCGTGTCGGCGAGGTGGTGCTGCGCACCTGGCAGACCGCGCACGTGATGAAAGCCCGCCGCGGGGCACTGGAAGGTGACCCGTCTGG 1920
S M I G 8 D S Q A M G R V G E V V L RTWOQTMAUHVYVMXZXK AR RGN ATLTEGTDU?P S G
. . . . . . . . . . . .
TAGCCAAGCCGCCGACAACAACCGGGTCCGCCGCTACATCGCCAAATACACCATCTGCCCGGCCATCGCACACGGCATGGATCACCTGATCGOTTCGGTGGAGGTGGGAAAGTTGGCCGA 2040
8 Q A AD N NUR V RR Y I A K YTICUPAI K HGND HILTIGGS S8V EVGKLATD
. . . . . . . . . - . .
CCTGGTGTTGTGGEAGCCGGCGM T TCCGGGTTCGCCCGCACGTCGTGCTCAAAGGTGGGGCGATCGCCTGGGCAGCGATGGGCGATGCGAACGCGTCAATCCCGACCCCGCAACCGGT 2160
L V L WE P AUPFV F GV RUPHVYV VL KGGATI ANLMWARMNMGDA AN DMANZLZSTIUPTU®POGQU®PUV
. . . . . . . . . . . .
GCTCCCGCGACCGATGTTCGGCGCEGCCGCGGCAACCGCGGCGGCGACCTCGGTGCACTTCGTCGCGCCACAATCCATCGACGCGCGCCTGGCGGACCGGCTCGCGGTCAATCGGGGACT 2280
L P R P M F G A A A A T A A AT S V HPF V A P Q s 1 D A R L A DU RIULMAMAMVNURGIL
. . . . . . . .
AGCGCCGG‘I‘GGCCGACGTGCGCGCAGTGGGCMGACCGACC'I‘GCCGCTCAATGATGCCCTACCGAGCATCGAGG‘I’CGA’I‘CCCGACACCT’I‘CACCG‘I‘GCGMTCGACGGCCAGGTGTGGCA 2400
A P V A DV RAV GGK T™DULPLNDA ALU®PSTIEVDU®PUDTUV FPTVIRTIDG Q vV W g
. - . . . . . . . .
ACCGCAGCCGGCCGCC GAACTACCTATGACACAACGGTATTTCCTGTTCTAATGACCTCGCTGGCCGTGCTGCTCACCCTCGCCGACTCGCGECTGCCCAC GGGTGCGCACGTGCACTCG 2520
P Q P A AEL P M TQURYUFIL P *
[ureP] M T 8 L A V L L T L A D 8 R L P T G A H V H 8
. . . . . . . . . . ° .
GGCGGCATCGAAGAAGCCATCGCCGCCGGCATGGTGACCGGCCTGGCCACCCTGGAAGCGTTCCTGAAACGGCGGGTCCGCACCCACGGCCTGCTGACGGCGTCCATCGCGGCCGCGGTG 2640
6 G I E E A I A AG MV T™GULATULEAPULI KU RRVYVIERTHGTLTULTA ASIAAA AUV
. . . . . . . . . . . .
CACCGGGGCGAGCTGGCCGTCGACGACGCCGACCGGGARACCGACGCGCGCACACCGGCTCCCGCGGCCAGACACGCCTCACGCAGCCAGGGCCACGGGCTGATCAGGCTGGCACGGCGG 2760
H R G E L AV DDAUDRETUDA ARTUZPAPAMARIUHEASRSQGRGILTIURILATRTRER
. - - . . . . . . - . .
GTGTGGCCCGATTCCGECTGGGAGGAACTGGGCCCGAGGCCGCATC TGGCAGTTGTGGCCGGACGGETCGEGCGCGCTGAGCGEGCTGGCGCCCGAGCACAACGCCTTGCACCTCGTCTAC 2880
vV W P D S G W EEULGZPRUPHULAVYV YV A GRVYV G AL S G L A P EHNATLUHTILUVY
. . . . . . . . . . . .
ATCACAATGACCGGCTCAGCCATCACCGCCCAGCGACTGCTGGCGCTAGATCCCGCCGAAGTGACCGTGGTGACCTTCCAGCTGTCCGAACTGTGCGAGCAGATCGCGCAGGAGGCCACA 3000
I T M '1‘ G s A I A A Q R L L A L D P A E v TV V T F Q L 8§ E L C E Q I A Q B A T
. . .
GCCGGACTGGCAGAC‘I‘TGTC‘I‘GATCCGCTGCTGGACACGCTCGCCCAOCGGCA’I‘GACGAGC GCG'I'GCGTCC CCTGT‘J.‘CG'I“I"I'CCTgb&(_}GTMGGCATGGCMCGCATTCCCATCCCCA 3120
A G L ADL S8 DUPLULDTTTULAOGQRIHDETRUVRZPILUFV s * "tureG] M A T H S H P H
. . . . . . . . . . . .
CTCGCACACCGTACCCGCTCGGCCAAGGCGGGTCCGCAAACCGGGCGAGCCACTGCGCATCGGCGTCEGCGGCCCGGTCGGCTCCGGCAAGACCGCACTGGTGGCGGCGCTGTGCCGGCA 3240
S HT V P A RPRURVURIKZPGE?PILUZ RIGVYVYGGPVG6 S K T ALV A ALTCTR RZQ
. . . . . . . . . . . .
ATTGCGGGGAGAGCTGTCGCTGACGGTGC TGACCAACGACATCTACACCACCGAAGACGCCGACTTCTTGCGCACACATGCGGTGC TGCCAGACGACCGGATCGCGGCCGTGCAGACCGG 3360
L R G EL 8L A VL T™NDTIUVYTTTUZ ETDA ADUFPTLIRTTHAMVYVYVLPDUDU RTIMRBAMAAMYVQTSG
. . . . . . . . . . . .
CGGCTGCCCGCACACCGCGATCCGCGACGACATCACCGCCAACCTGGATACGATCGACGAGTTGATGACCGCCCACGACGCGTTGGACCTGATCCTGGTCGAATCCGGCGGCGATAACCT 3480
G C P HT A I RDDTITANTULDA ATIUDETLMMBAMAMAEEDALDIULTIULVESGGGDNL
. . . . . . . . . . . .
CACGGCCACCTTCTCTTCGGGGCTGGTGGATGCGCAGATCTTCGTCATTGACGTTGCCGGCGGCGACAAGGTGCCGCGCAAGGGCGGGCCGGGGGTGACCTATTCGGATTTGTTGGTAGT 3600
T A T F 8 §8 6L VDAOQTIVF VI DV AGGDI KVZPRI KUGUGEG?PGGV T Y S DUILUL VYV
. . . . . . . . . . . .
CAACAAGACTGACCTGGCTGCATTGGTGGGCGCCGACCTGECGGTGATGGCCCGCGATGCGGACGCAGTCCGCGACGGCCGCCCAGACGGTECTGCAATCGTTGACCGAGGACCCAGCTGC 3720
N K T DL A AL V G A DULA AV M ARDA AMDA AV RDGRUPTU VL Q 8L TETUDUP A A
. . . . . . . .
CAGCGATGTCGTGGCCTGGGTTCGTAGTCAACTGGCCGCCGATGGAGTC TAGTGTTCTGGTGGTCGCGTCGCCGAATCGG 3800
8 DV V AWV R S QL A AMDGV *

FIG. 5. Nucleotide sequence of the M. tuberculosis urease gene cluster and predicted amino acid sequences of the M. tuberculosis urease A, B, and C subunits and
urease accessory molecules F and G. Shine-Dalgarno consensus sequences upstream of ureA, ureB, ureC, and ureG are underlined with dashed lines. Stop codons are
indicated by asterisks.
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TABLE 2. Effect of nitrogen starvation on urease expression by M. tuberculosis
. Urease activity Urease sp act Fold increase in
[Asn] (mM) Protein concn (mg/ml) (nmol of NH;/ml/min) (nmol of NH;/min/mg of protein) urease sp act
15 0.47 = 0.01 25%2 53 1
1.5 0.17 = 0.02 398 230 43
0.75 0.08 = 0.00 313 396 7.4
0.375 0.04 = 0.00 201 499 9.4

and 1% of the urease activity, respectively, expressed as mi-
cromoles of NH; per minute per microgram of protein). Both
asparaginase and arginase activities separated from urease ac-
tivity during anion-exchange chromatography on Q-Sepharose
(data not shown).

(iii) pH-activity relationship. M. fuberculosis urease shows
enzyme activity over a broad pH range (Fig. 3), between 5.5
and 8, with maximal activity at pH 7.2. Maximal enzyme activ-
ity in the pH range of 5.5 to 7.5 is ideal for a pathogen such as
M. tuberculosis residing in a mildly acidified phagosome (5).
Other bacterial ureases tend to have a slightly more alkaline
pH profile, with maximal activity at pH 8. Ureases of urinary
pathogens are exposed to higher-pH environments because of
alkalinization of the infected urine.

(iv) Inhibitors of M. tuberculosis urease activity. Several dif-
ferent classes of inhibitors of jack bean and microbial ureases
have been described. First, compounds such as thiourea (31)
and hydroxyurea (25) act as substrate analog inhibitors. Sec-
ond, sulthydryl-reactive compounds such as N-ethylmaleimide
inhibit enzyme activity by reacting with a free cysteine sulfhy-
dryl group required for enzyme activity (38). Third, acetohy-
droxamate (21, 29) is a slowly binding competitive inhibitor
thought to inhibit urease by chelating Ni** at the active site of
the enzyme (37). Fourth, phosphoramide derivatives, such as
phenylphosphorodiamidate, are the most potent inhibitors of
ureases, with K; values of less than 0.1 nM (12, 23, 37). We have
compared the inhibition profiles for each of these inhibitors for

a

M. tuberculosis
Bacillus sp.
K. aerogenes
P. mirabilis

ureases from jack bean, B. pasteurii, and M. tuberculosis. Hy-
droxyurea, N-ethylmaleimide, and acetohydroxamate inhibited
the urease of M. tuberculosis (50% inhibitory concentrations of
1 mM, 0.1 mM, and 2 pM, respectively) to an extent similar to
their effects on the ureases of jack bean and B. pasteurii. Pre-
incubation with acetohydroxamate was necessary to achieve
complete inhibition of M. tuberculosis urease, as is the case
with other ureases (37). Phenylphosphorodiamidate was also a
potent inhibitor of M. tuberculosis urease, although it showed a
somewhat higher 50% inhibitory concentration than we ob-
served for jack bean or B. pasteurii urease (80 versus 8 nM).
(v) Stability of M. tuberculosis urease. M. tuberculosis urease
is remarkably stable against heat treatment. No loss of enzyme
activity occurred with 30 min of incubation at temperatures
between 22 and 60°C. However, M. tuberculosis urease was
progressively inactivated at temperatures above 60°C. Consis-
tent with these results, M. tuberculosis urease showed steadily
increasing reaction velocities as the reaction temperature was
increased from 0 to 60°C and, at higher temperatures, reaction
velocities rapidly decreased as the enzyme was inactivated
(data not shown). We have found that jack bean and B. pas-
teurii ureases are less stable against heating than is M. tuber-
culosis urease and lose activity at temperatures above 45°C
(data not shown). Although M. tuberculosis urease may be
exposed to temperatures as high as 42°C in a human host with
fever, it is unlikely that the urease would be exposed to tem-
peratures higher than this in its natural environments.

MRLTPHEQERLLLSYAAELARRRRARGLRLNHPEATAVIADHILEGARDGRTVAE 55
MKLTSREMEKLMIVVAADLARRRKERGLKLNYPEAVAMITYEVLEGARDGKTVAQ 55
MELTPREKDKLLLFTAALVAERRLARGLKLNYPESVALISAFIMEGARDGKSVAS 55
MELTPREKDKLLLFTAGLVAERRLAKGLKLNYPERVALISCAIMEGAREGKTVAQ 55

M. tuberculosis LMASGREVLGRDDVMEGVPEMLAEVQVEATFPDGTKLVTVHQPIA 100
Bacillus sp. LMQYGA-TLTKEDVMEGVAEMIPDIQIEATFPDGTRLVTVHDP IR 99
K. aerogenes LMEEGR-HLTREQVMEGVPEMIPDIQVEATFPDGSKLVTVHNPII 99
P. mirabilis LMSEGR-TLTAEQVMEGVPEMIKDVQVECTFPDGTRKLVSIHSP IV 99
M. tuberculosis MIPGEIFYGSGDIEMNAAALSRLOQMR---TINAGDRPVQVGSHVHLPQANRALSFD 53
Bacillus sp. MIPGEYVLKKEPILCNONK -~-~QTIKIRVLNRGDRPVQVGSHFHFFEVNQSLQFH 52
K. aerogenes MIPGEYHVKPGQIALNTGR ----ATCRVVVENHGDRPIQVGSHYHFAEVNPALKFD 52
P. mirabilis MIPGEIRVNAALGDIELNAGRETKTIQ--VANHGDRPVQVGSHYHFYEVNEALRFA 54
M. tuberculosis RATAHGYRLDIPAATAVRFEPGIPQIV-GLVPLGGRREVPGLTLNPPGRLDR 105
Bacillus sp. REKAFGMRL-NPAGTAVRFEPGDAKEV-EIIPFSGERKVYGLNNVTNGS VEMGKRK 106
K. aerogenes RQOAAGYRL-NPAGTAVRFEPGQKREV-ELVAFAGHRAVFGFRGEVMGPLEVNDE 105
P. mirabilis RKETLGFRN-IPAGMAVRFEPGQSRTVDELVAFAGKREI YGF HGKVMGKLESEKK 108

FIG. 6. Protein sequence alignments of M. tuberculosis urease subunits A (a) and B (b) with those of other bacteria. Conserved residues are indicated in boldface

type. Dashes indicate gaps inserted in the sequences to improve the alignments.
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MARL-SRERYAQLYGPTTGDRIRLADTNLLVEVTEDRCGGPGLAGDEAVFGGGKVLRESM 59
MSFSMSRKQYADMFGPTVGDAIRLADSELFIEIEKD~~--YTTYGDEVKFGGGKVIRDGM 56
MSNI-SROAYADMFGPTVGDKVRLADTELWIEVEDD----LTTYGEEVKFGGGRVIRDGM S5
MKTI-SRQAYADMFGPTTGDRLRLADTELFLEIEKD----FTTYGEEVKFGGGKVIRDGM 55
GQGRASRADGAPDTVITGAVIIDYWGIIRADIGIRDGRIVGIGKAGNPDIMTGVHRDLV 118
GQHPLATSDECVDLVLTNAIIVDYTGIYRADIGIKDGMIASIGKAGNPLLMDGVD--MV 113
GQGQOML~-AADCVDLVLTNALIVDHWGIVKADIGVKDGRIFAIGKAGNPDIQPNVT--IP 111
GQSQVV-SAECVDVLITNAIILDYWGIVKADIGIKDGRIVGIGKAGNPDVQPNVD--IV 111
VGPSTEIISGNRRIVTAGTVDCHVHLICPQIIVEALAAGTTTIIGGGTGPAEGTKATTV 177
IGAATEVIAAEGMIVTAGGIDAHIHFICPQQIETALASGVTTMIGGGTGPATGTNATTC 172
IGAATEVIAAEGKIVTAGGIDTHIHWICPQQOAEEALVSGVTTMVGGGTGPAAGTHATTC 170
IGPGTEVVAGEGKIVTAGGIDTHIHFICPQOAQEGLVSGVTTFIGGGTGPVAGTNATTV 170

. . +
TPGEWHLARMLESLDGWPVNFALLGKGNTVNPDALWEQLRGGASGFKLHEDWGSTPAAI 235
TPGPWNIHRMLQAAEEFP INLGFLGKGNCSDEAPLKEQIEAGAVGLKLHEDWGSTAAAI 231
TPGPWYISRMLQOQAADSLPVNIGLLGKGNVSOPDALREQVAAGVIGLKIHEDWGATPAAI 229
TPGIWNMYRMLEAVDELP INVGLFGKGCVSQPEATREQITAGAIGLKIHEDWGATPMAI 229

. 4
DTCLAVADVAGVQVALHSDTLNETGFVEDTIGAIAGRSIHAYHTEGAGGGHAPDIIT 292
DTCLKVADRYDVQVATHTDTLNEGGFVEDTLKAIDGRVIHTYHTEGAGGGHAPDIIK 288
DCALTVADEMDIQVALHSDTLNESGFVEDTLAAIGGRTIHTFHTEGAGGGHAPDIIT 286
HNCLNVADEMDVQVATIHSDTLNEGGFYEETVKAIAGRVIHVFHTEGAGGGHAPDVIK 286
. . +
VAAQPNVLPSSTNPTRPHTVNTLDEHLDMLMVCHHLNPRIPEDLAFAESRIRPSTIA 349
AAGFPNILPSSTNPTRPYTINTLEEHLDMLMVCHHLDANIPEDIAFADSRIRKETIA 345
ACAHPNILPSSTNPTLPYTINTIDEHLDMLMVCHHLDPDIAEDVAFAESRIRRETIA 343
SVGEPNILPASTNPTMPYTINTVDEHRLDMLMVCHHLDPSIPEDVAFAESRIRRETIA 343
4
AEDVLHDMGAISMIGSDSQAMGRVGEVVLRTWQTAHVMKARRGALEGDPSGSQAADN 406
AEDVLHDLGVFSMISSDSQAMGRVGEVIIRTWQTADKMRKORGKLQEDNGVG---DN 399
AEDVLHDLGAFSLTSSDSQAMGRVGEVILRTWQVAHRMRKVORGALAEETGDN---DN 397
AEDILHEDMGAISVMSSDSQAMGRVGEVILRTWQCAHKMKLORGTLAGD SADN---DN 397
44
NRVRRYIAKYTICPAIAHGMDHLIGSVEVGKLADLVLWEPAFFGVRPHVVLKGGAIA 463
FRVKRYIAKYTINPATIAHGIADYVGSVEVGKLADLVVWNPAFFGVKPELVLKGGMIA 456
FRVKRYIAKYTINPALTHGIAHEVGSIEVGKLADLVVWSPAFFGVKPATVIKGGMIA 454
NRIKRYIAKYTINPALAHGIAHTVGSIEKGKLADIVLWDPAFFGVKPALIIKGGMVR 454
WAAMGDANASIPTPQPVLPRPMFGAAAATAAATSVHFVAPQSIDARLADRLAVNRGLAP 522
YSTMGDPNASIPTPQPVLYRPMFAAKGDAKYQTSITFVSKAAY EKGIHEQLGLKKKVKP 515
TAPMGDINASIPTPQPVHYRPMFGALGSARHHCRLTFLSQAAAANGVAERLNLRSATAV 513
YAPMGDINAAIPTPQPVHYRPMYACLGKAKYQOTSMIFMSKAGI EAGVPEKLGLKSLIGR 513
VADVRAVGKTDLPLNDALPSIEVDPDTFIVRIDGQVWQPOPAAELPMTQRYFLF 576
VHGIRKLTKKDLILNDKTPKIDVDPQTYEVKVDGQLVTCEPAEIVPMAQRYFLF 569
VKGCRTVQRKADMVHNSLOPNITVDAQT YEVRVDGELITSEPADVLPMAQRYFLF 567
VEGCRHITKASMIHNNYVPHIELDPQTYIVKADGVPLVCEPATELPMAQRYFLF 567

FIG. 7. Protein sequence alignments of M. tuberculosis urease C subunit with those of other bacteria. Conserved residues are indicated in boldface type. Dashes

indicate gaps inserted in the sequences to improve the alignments. Conserved residues implicated in coordinating the two Ni?* jons at the active site (His-141, -143,
-252, and -278; Asp-366; and Lys-223) are indicated with a dot, and conserved residues lining the active site (Ala-174, His-225, Gly-283, Cys-325, His-326, Ala-369, and

Met-370) are indicated with a plus sign.

Treatment of M. tuberculosis urease with 4 M urea caused no
loss of enzyme activity. In addition, the gel filtration chromato-
graphic elution profile of urease on Sephacryl-S300 HR was
identical in the presence or absence of 4 M urea (data not
shown).

Induction of M. tuberculosis urease by exposure to low-ni-
trogen conditions. Urease activity of M. tuberculosis is easily
measured even in nitrogen-rich media, such as 7H9 medium
(which contains nitrogen in the form of 3.8 mM ammonium
sulfate and 3.4 mM glutamic acid) or Sauton’s medium (which
contains 15 mM asparagine). However, expression of M. tuber-
culosis urease activity was induced almost 10-fold in modified

Sauton’s medium with a decreased asparagine concentration
(Table 2). The increased expression of M. tuberculosis urease in
response to nitrogen starvation is consistent with a role for the
enzyme in nitrogen acquisition.

Cloning and sequencing of the M. tuberculosis urease gene
cluster. We constructed a genomic library by partial digestion
of M. tuberculosis chromosomal DNA with BamHI and Hin-
dIII, ligation of the fragments into pUC19, and transformation
of E. coli DH5a. A set of degenerate 45-mer oligodeoxynucle-
otides based on the N-terminal protein sequence (YAQLYG
PTTGDRIRL, residues 8 to 22) of the M. tuberculosis urease C
subunit was synthesized and used to screen the genomic li-
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a

M. tuberculosis MTSLAVLLTLADSRLPTGAHVHSGGIEEAIAAGMVTGLATLEAFLKRRVRTHGLLTAS 58
Bacillus sp. MNRLLSLFQLCDSNFPSGSFSHSFGLETYIQEKVITDKESFKNAISVYIRKQLFFTEG 58
K. aerogenes MSTAEQRLRLMQLASSNL PVGGY SWSQGLEWAVEAGWVLDVAAFERWQRROMTEGFFT 58
P. mirabilis MMLADLRL--YQLVSPSLPVGAFTYSQGLEWAIEKGWVCSAETLSDWLSAQMTGTLAT 56
M. tuberculosis IAAAVHRGELAVDD-~~~=m-wwmmme oo ADRETDARTPAPAARHASRSQGRGLIRLARR 103
Bacillus sp. LACILAY EAMEKNEPSALVELDHILFASNVAQETRSGNQRMGERMAKLCVDLYPSPILIE 118
K. aerogenes VDLPLFARLYRACEQGDIAAAQRWTAYLLACRETRELREEERNRGAAFARLLSDWQPDCP 118
P. mirabilis LELPILRQLQTSLAKGDSDTVKYWCDFMVASRETKELRQEERQPGIAFPRLLPQLGIELD 116
M. tuberculosis VWPDSGWEELGPRPHLAVVAGRVGALSGLAPEHNALHLVY ITMTGSA IAAQRLLALDPA 162
Bacillus sp. YTNRI - -KEKKAYGHSA IVFAIVAYHLKVTKE - TAV-GAY LFANVSALVONAVRGI-PI 172
K. aerogenes PPWRSLCQQSQLAGMAWLGVRWRIALPEMALSLGY SWI-- ESAVM-AGVKLVPFGQQARA 174
P. mirabilis DTLQORVKQTQLMAFALAAVHWHIDS-EK-LCCAY VWGWL ENTVMS - GVKLVPLGQSAG 172
M. tuberculosis EVTVVTFQLSELCEQIAQEA TAGLADLSDPLLDT-~~--~~ LAQ-RHDERVRPLFVS 211
Bacillus sp. GOTDGQRILVEIQPLL-EEGVRTISQLPKEDLGAVSPGMEIAQMRHERLNVRLFMS 227
K. aerogenes QOLILRLCDHYAAEMPRALAAPDGDIGSATPLAA~ -~~~ -- IASARHETQYSRLFRS 224
P. mirabilis QKMLFALAEQI PATVELSAHWPQEDIGSLRQLK 205
M. tuberculosis MATHSHPHSHTVPARPRRVRKPGEPLRIGVGCGPVGSGKTALVAALCRQLRGELSLAV 57
Bacillus sp. M----- e EPIRIGIGGPVGAGKTMLVEKLTRAMHKELSIAV 35
K. aerogenes MNSYKH------------------ PLRVGVGGPVGSGRTALLEALCKAMRDTWQLAV 39
P. mirabilis MOEYNQ------------vmmmem PLRIGVGGPVGSGRTALLEVLCKAMRDSYQIAV 39
M. tuberculosis LTNDIYTTEDADFLRTHAVLPDDRIAAVQTGGCPHTAIRDDITANLDAIDELMAAH 113
Bacillus sp. VINDIYTKEDAQFLLKHGVLPADRVIGVETGGCPHTAIREDASMNFPAIDELKERH 91
K. aerogenes VINDIYTKEDQRILTEAGALAPERIVGVETGGCPHTAIREDASMNLAAVEALSEKF 95
P. mirabilis VINDIYTQEDAKILTRAQALDADRIIGVETGGCPHTAIREDASMNLAAVEELAMRH 95
M. tuberculosis DALDLILVESGGDNLTATFSSGLVDAQIFVIDVAGGDKVPRRGGPGVTYSDLLVV 168
Bacillus sp. PDLELIFIESGGDNLAATFSPELVDFSIYIIDVAQGEKIPRKGGQGMIKSVLFIT 146
K. aerogenes GNLDLIFVESGGDNLSATFSPELADLTIYVIDVAEGEKRIPRKGGPGITKSDFLVI 150
P, mirabilis KNLDIVFVESGGDNLSATFSPELADLLFMLIDVAEGEKIPRKGGPGITHPDMMVI 150
M. tuberculosis NETDLAALVGADLAVMARDADAVRDGRPTVLOSLTEDPAASDVVAWVRSQLAADGV 224
Bacillus sp. NKIDLAPYVGASLEVMERDTLAARGDKPYIFTNLKDEIGLAEVLEWIKTNALLYGLES 204
K. aerogenes NKTDLAPYVGASLEVMASDTQRMRGDRPWTFTNLKQGDGLSTI IA FLEDKGMLGK 205
P. mirabilis NKIDLAPYVGASLEVMEADTAKMR PVKPYVFTNLKEKVGLETI IDFIIDKGMLRR 205

J. BACTERIOL.

FIG. 8. Protein sequence alignment of M. tuberculosis urease accessory molecules F (a) and G (b) with those of other bacteria. Conserved residues are indicated
in boldface type. Dashes indicate gaps inserted in the sequence to improve the alignments. The ATP- and GTP-binding motif (P-loop, GXGGPVGXGKT) of the urease

G accessory molecule is conserved (underlined).

brary. Restriction analysis of the positive clones selected from
colony hybridization indicated that all the positive clones con-
tained a 4.5-kb BamHI insert. DNA sequencing of one of the
positive clones, pTBUS, revealed the presence of complete
ureA and ureB genes and two-thirds of the 5’ region of the ureC
gene. To isolate DNA fragments containing the complete ure-
ase gene cluster, we constructed a cosmid library by partial
digestion of M. tuberculosis genomic DNA with EcoRI, ligation
into EcoRI-digested pHC79 vector, and transformation of E.
coli DH5a.. The cosmid library was screened with the 4.5-kb
DNA fragment as a probe. In all positive clones examined, an
8.5-kb EcoRI fragment hybridized with the 4.5-kb DNA probe,
indicating the presence of the M. tuberculosis urease gene clus-
ter on this 8.5-kb EcoRI insert.

Sequence analysis of the 8.5-kb EcoRI fragment of M. fu-
berculosis cloned into pHC?79 revealed three genes correspond-
ing to the urease A, B, and C subunits and two genes for the
urease accessory molecules F and G (11, 20, 27) (Fig. 4 to 8).
The guanine and cytosine contents of these five genes ranged

from 65 to 71%, which is typical for mycobacteria. The five
genes of the M. tuberculosis urease gene cluster span 3.7 kb on
the chromosome, are closely linked, and are organized in a
fashion similar to those of urease gene clusters of other bac-
teria (Fig. 4). ure4 gene shares one nucleotide of the codon for
its last amino acid residue (alanine) with the codon for the first
amino acid residue (methionine) of the ureB gene (Fig. 5). The
first codon of both the ureC and ureF genes shares one nucle-
otide with the stop codon of the preceding gene (ureB and ureC
genes, respectively). The first codon of the ureG gene, the last
gene identified in the M. tuberculosis urease gene cluster, be-
gins only 10 nucleotides downstream of the stop codon of the
ureF gene (Fig. 5).

Sequence analysis of the 8.5-kb EcoRI fragment containing
the M. tuberculosis urease gene cluster revealed no genes cor-
responding to the genes for the D or E accessory molecules of
other bacteria. In the cases of K. aerogenes (16) and P. mirabilis
(11), the ureD gene is located immediately upstream of the
ureA gene. Instead, in the case of M. tuberculosis, an open
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reading frame with 34% identity to the thioesterase of an
Arthrobacter sp. (34) was located upstream of the ure4 gene.
We have identified three open reading frames downstream of
the ureG gene. However, they have no significant similarity to
other genes in GenBank.

Sequence comparison and homology. The M. tuberculosis
ureA gene codes for a 100-amino-acid polypeptide (Fig. 6) with
a predicted molecular mass of 11.1 kDa and a pI of 6.2. Its
sequence is 62, 61, and 60% identical to the sequences of the
urease A subunit of B. pasteurii, K. aerogenes, and P. mirabilis,
respectively (11, 20, 27), and 56% identical to the sequence of
the first 102 residues of the small subunit of H. pylori urease
(13). The M. tuberculosis ureB gene codes for a 104-amino-acid
polypeptide (Fig. 6) with a predicted molecular mass of 11.2
kDa and a pI of 10.9. It is 41 to 45% identical to the subunit B
sequences in other bacteria and 41% identical to the corre-
sponding residues 107 to 214 of the small subunit of H. pylori.
The most highly conserved region of the urease B subunit,
located in the middle of the sequence from residues 32 to 78,
shows 58 to 60% identity to the corresponding sequences in
other bacteria. The M. tuberculosis ureC gene codes for a 576-
amino-acid polypeptide (Fig. 7) with a predicted molecular
mass of 60.8 kDa. It is 58 to 60% identical to the sequence of
the urease C subunit of B. pasteurii, K. aerogenes, and P. mira-
bilis (11, 20, 27) and 53% identical to the sequence of the large
subunit of H. pylori urease (13). X-ray crystallographic analysis
of K. aerogenes urease (10) has identified four histidine resi-
dues, an aspartate, and a carbamylated lysine as important in
coordinating the two nickel ions at the active site. These resi-
dues are conserved in the C subunit of M. tuberculosis urease
(His-141, -143, -252, and -278; Asp-366; and Lys-223) as well as
in other ureases. Additional residues of the K. aerogenes urease
C subunit identified as lining the active site and proposed to be
important in substrate binding and catalysis (10) are also con-
served in M. tuberculosis urease (Ala-174, His-225, Gly-283,
Cys-325, His-326, Ala-369, Met-370) as well as in other ure-
ases.

The M. tuberculosis urease accessory molecule F (Fig. 8) has
a predicted molecular mass of 22.3 kDa and exhibits limited
homology to the amino acid sequence of accessory molecule F
in other bacteria. The open reading frame encoding the M.
tuberculosis accessory molecule G predicts a protein of 224
amino acids (Fig. 8) with a molecular mass of 22 kDa and an
amino acid sequence 46 to 48% identical to the sequences of
accessory molecule G from other bacteria. An ATP- and GTP-
binding motif (P-loop; GXGGPVGXGKT) is present within
the accessory molecule G sequence of M. tuberculosis as well as
the corresponding sequences of other bacteria (11, 32). Com-
pared with the corresponding sequence of B. pasteurii, the
sequence of M. tuberculosis accessory molecule G has an ad-
ditional 22 amino acids at its amino terminus, in which a
histidine-rich sequence can be found (THSHPHSH).

DISCUSSION

Urease is present in many species of mycobacteria, and its
presence or absence is routinely used in the speciation of
mycobacteria (19). Although urease has been purified from a
number of bacterial sources and characterized and its genes
have been cloned and sequenced (26), this work represents
the first purification, characterization, and genetic analysis of
urease of M. tuberculosis or of any mycobacterial urease. We
purified the enzyme 1,000-fold by a combination of anion-
exchange chromatography, gel filtration chromatography, and
hydrophobic-interaction chromatography. Of these three steps,
hydrophobic-interaction chromatography was consistently the
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most powerful method in separating M. tuberculosis urease
from other proteins present in the cellular extracts.

Urease has been implicated as a virulence factor for several
other pathogenic microorganisms. First, ammonia production
by urease of urinary pathogens, such as P. mirabilis, has been
implicated in pathogenesis by virtue of its toxicity to renal
epithelium, promotion of urinary stone formation, and partic-
ipation in complement inactivation (2, 7). Second, urease of H.
pylori has been implicated in pathogenesis by virtue of its role
in alkalinizing the bacterium’s microenvironment in the stom-
ach and its toxicity to stomach epithelium (35). In the case of
M. tuberculosis, urea is likely readily available to the bacterium
in both its intracellular and extracellular locations within the
host. Ammonia generated by the action of urease may be of
considerable importance in alkalinizing the microenvironment
of the organism and in preventing phagosome-lysosome fusion
and phagosome acidification. In addition, ammonia generated
by the action of urease should be available to the organism for
assimilation of nitrogen into biomolecules. The concerted ac-
tion of urease and glutamine synthetase (9), which are both
induced by conditions of low nitrogen, should serve to scav-
enge and assimilate environmental nitrogen. The availability of
nitrogen in the M. tuberculosis phagosome is unknown. How-
ever, the phagosome, in which M. fuberculosis multiplies, is
remarkable for its low fusogenicity. Markers of fluid-phase
endocytosis added to infected cells either before or after in-
fection of the cell with M. tuberculosis do not enter the M.
tuberculosis phagosome (1, 4, 41). Therefore, nitrogen nutri-
ents may be limiting to the M. tuberculosis organism inside the
relatively nonfusogenic phagosome, and urease may play an
important role in nitrogen acquisition by M. tuberculosis at this
site.

Urease is present in most pathogenic mycobacteria, such as
M. tuberculosis and Mycobacterium bovis. Urease is absent from
some nonpathogenic mycobacteria, such as Mycobacterium xe-
nopi, Mycobacterium gordonae, and Mycobacterium triviale, but
is present in others, such as Mycobacterium smegmatis, Myco-
bacterium vaccae, and Mycobacterium phlei (19). In the case of
the nonpathogenic species M. smegmatis, we have found that
the level of urease activity in the crude bacterial extract is
11-fold greater than it is in M. tuberculosis. In addition, we have
found that the K,, of urease from M. smegmatis is 0.3 mM,
which is equal to the K,,, of M. tuberculosis urease (4a). In view
of these findings, it is unlikely that urease expression alone is
sufficient to explain the greater virulence of M. tuberculosis.
Nevertheless, urease expression may be an important contrib-
utor to virulence mechanisms, for example, inhibition of pha-
gosome-lysosome fusion and phagosome acidification.

Assembly of active urease is a complex process and involves
several urease accessory molecules. Deletions or mutations in
genes coding for the urease accessory molecules have been
found to abolish urease activity (16, 20). Sequence analysis of
the M. tuberculosis urease gene cluster has revealed genes for
the urease accessory molecules F and G but not for urease
accessory molecule D or E. In other bacteria, urease accessory
molecule D appears to act as a chaperone for assembly of the
urease molecule (30), and urease accessory molecule E ap-
pears to function as a nickel donor to the urease apoprotein
(17). In all other bacteria for which the urease gene cluster has
been studied, the ureD and ureG genes have been found closely
linked within the urease gene cluster. However, we cannot rule
out the possibility that one or more of the three open reading
frames downstream of the ureG gene codes for accessory mol-
ecules with functions corresponding to those of accessory mol-
ecules D and E of other bacteria, despite the absence of pro-
tein sequence homology, or that the functions provided by D



5652 CLEMENS ET AL.

and E are encoded by genes not linked to the urease cluster. As
a precedent for this, in the case of H. pylori, a gene for a
high-affinity Ni?* transport protein (nixA, which is homologous
to the ureH gene of B. pasteurii) has been found outside of the
urease gene cluster (24).

Given its likely importance to pathogenesis, urease is a po-
tential target for chemotherapeutic intervention in tuberculo-
sis. More knowledge of the structure and function of urease
may allow the development of rational strategies to interfere
with its pathogenetic activities.
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